The localized surface plasmon resonance of homodimer nanostructures is studied using FDTD simulations. The calculated LSPR wavelength of Au, Ag and Al nanosphere forming a homo-dimer configuration is compared and the results reveal a larger LSPR shift in Ag and Al homo-dimer than in Au homo-dimer. Taking the sensitivity of LSPR shape to the size and interparticle spacing of nanoparticle along with a surrounding refractive index, parameters like refractive index sensitivity have been determined. The spherical homo-dimer over the whole range of particle size, studied here shows the index sensitivity order as Ag>Al>Au. Hence, the use of plasmonic material towards the refractive index sensing applications is useful in this order. The average refractive index sensitivities of Ag, Al and Au are 287.09 nm/RIU, 210.21 nm/RIU and 192.47 nm/RIU in DUV-Visible-NIR region. Apart from LSPR shift, the highly confined near-field intensity enhancement of homo-dimer nanostructures for SERS has also been studied. The interacting homo-dimer nanoparticles reveals intensity enhancements in the junction. Comparing the field enhancement for Au, Ag and Al homo-dimer nanostructure ~ 10 8 -10 9 have been theoretically predicted in DUV-UV-visible region which can be used to strongly enhance the Raman scattering of molecules.
Introduction
When the metallic nanoparticle is subject to light excitation, the electric field of the light induces waves of collective electron oscillations which is confined to the surface of the nanoparticle. This phenomenon is known as a localized surface plasmon resonance (LSPR). In metallic particle, the frequency, strength and quality of the LSPR depends sensitively on the size, geometry, the metal composition and the refractive index of the local environment [1, 2] . Another factor that defines the sensitivity of LSPR is the strongly interacting nanoparticle pairs. It is well accepted from the work of Nordlander and Halas and the El-Sayed group that plasmon coupling in homo dimer nanostructure can be viewed as analogous to molecular hybridization [3] [4] [5] [6] . The plasmon modes (Ψ1 and Ψ2) of two interacting metal nanoparticles hybridize either in-phase (Ψ1 + Ψ2) or out-of-phase (Ψ1 -Ψ2). When the incident light field is polarized along the interparticle axis (longitudinal polarization), the in-phase combination reflects a bonding mode (with electric field enhanced at the junction and a redshifted LSPR frequency) and the out-of phase mode represents an antibonding configuration (with the electric field localized on the non-junction ends of the particles and a blue-shifted LSPR frequency), respectively denoted as σ and σ*. However, when the polarization is perpendicular to the interparticle axis (transverse polarization), the scenario is exactly reversed, that is, the in-phase combination is an antibonding mode (π*) and the out-of phase one is a bonding mode (π). In the case of plasmonic "homodimers", the antiphase mode is spectrally dark due to the cancellation of the equal but oppositely oriented dipoles on the two particles. Hence, a homodimer structure under longitudinal polarization supports only a bonding Plasmon mode (σ) with its electric field strongly localized at the junction of the dimer. Likewise, only a π*-mode is observed in a homodimer under transverse polarization. Recently, a split nanoring dimer resonator which supports multiple plasmonic Fano-like resonances that arises from the coupling and interference of the dimer plasmon modes offers high values of figure of merit and contrast ratio due to which they are suitable for high-performance biological sensors [7] . The theoretically investigated plasmonic Fano resonance in a triangular nanoprism dimer shows FOM as high as 16.1 in visible and NIR region due to large electric field enhancement at the corners of the nanoprisms [8] . Acimovic et. al experimentally verified the exponentially increasing sensitivity enhancement in dimers of gold nanodiscs [9] . They employ nanoparticle dimers with small gaps for highly enhanced detection of proteins, with sensitivity tending towards single molecule detection. Apart from gold nanoparticles, the LSPR based sensor has been extended to UV wavelength [10, 11, 12] . In the present work, we employed the FDTD simulation to dimer nanostructure for metallic nanoparticle over DUV-visible-NIR region. Figure 1 shows a schematic diagram of metallic homo-dimer nanostructure. The particle size is D (diameter) and the interparticle spacing between two nanospheres forming a dimer is d. The nanosphere is assumed to be surrounded by vacuum. The particle is illuminated with an incident light along xy-plane and electric field polarized along x-direction, as indicated in figure 1 by symbol k and E, respectively. We present a theoretical comparison of the LSPR shift and the associated near field confinement caused by the coupling of different plasmonic modes for Au, Ag and Al homo-dimer nanostructure given by parameter . We found that due to strong field confinement, a plasmonic refractive index sensor with high sensitivity can be realized over DUV-Visible-NIR region by choosing the proper material. The near field calculation shows that a remarkably uniform field enhancement occurs at the junction of homo-dimer nanostructure, which can strongly enhance the Raman scattering of molecules lying in these junctions. 
Theoretical Simulations
In this work, we employed FDTD software provided by Lumerical FDTD solutions to calculate optical spectra of a homo-dimer nanosphere as shown in figure 1 [12] . We adopt a cubic Yee cell with a side equal to 1 nm and a time step t= 1.31 × 10 −18 , bounded by Courant condition. For FDTD calculations involving the nanosphere the grid size is selected in such a way that the E-field intensity around nanospheres becomes independent of the grid size [13] . This process was carried out by initially selecting a grid size of 1/10 th of nanosphere size and subsequently reducing the grid spacing until a further reduction in grid spacing had no effect on the calculated values around the nanosphere. The FDTD code allows different choice of grid size near the edge of nanostructure, we used 0.7 nm grid spacing around the nanosphere. The material data used is fitted to have a larger index. The material data were obtained from J&C and Palik for Au and Ag, respectively, whereas for Al in wavelength region > 200 nm was taken from Palik and in a wavelength region ≤ 200 nm from CRC model [11, 12] .
Results & Discussion
The simulated optical spectra of Au homo-dimer nanostructure, interacting along dimer axis is shown in figure 2. The particle size (D) is 20 nm and interparticle spacing is varied as 1 nm to 10 nm. For an interparticle spacing 10 nm, the peak wavelength is observed at 512 nm, which is close to isolated Au nanosphere. The plasmon peak shifts to 521 nm and 536 nm for interparticle spacing 3 nm and 1 nm, respectively. The smaller the gap between the particles, the larger is the red-shift. In the same manner, the dipole plasmon wavelength has been evaluated for Ag and Al homo dimer nanostructure. Figure 3 (a) compares the peak wavelength for Au,Ag and Al homo-dimer nanostructure having particle size as 20 nm and 40 nm. The general trend i.e., the red shift in plasmon resonance wavelength with decreasing interparticle spacing is observed for nanodimer configuration which increases almost exponential with the reduction in interparticle spacing. When particles come closer to each other because of the near-field coupling of the plasmons, there is a change in the frequency of the surface plasmon oscillation of the coupled nanoparticle system with respect to the isolated particle. For parallel polarization, the magnitude of the force increases strongly with decreasing spacing between particles. This is a direct consequence of the increasing fieldenhancement between the particles. At the same time, the spectral position of the force maximum red-shifts due to plasmon hybridization [3] . A plasmon rule which states that regardless of the type of the metal, the shape of the particle, or the surrounding medium, the near-field coupling depth is always ~0.2 times the diameter providing a universal scaling behavior of plasmon coupling is studied for Al dimer to validate our results [3] . Figure 4 shows the calculated resonance wavelength of the dimer fitted to the plasmon rule equation. From the plot, an exponential decay constant of 0.19±0.02 is estimated for Al dimer. The value of decay constant is close to that observed for the universal scaling trend in the plasmon coupling-inducing shift of the nanosphere pair as a function of interparticle spacing scaled by particle size. It is known from the plasmonics literature that greatly enhanced fields are induced by light incident on dimers [2, 16, 17] . Figure 5(a) shows the near-field pattern for a homo-dimer nanostructure. The incident field is along the axis of two nanospheres forming a homo-dimer configuration. The particle size is 20 nm. When an optical radiation is incident on homo-dimer nanostructure then an oscillating polarization is induced in nanoparticles and if they are polarized in the same manner, i.e. opposite surface charges at both spheres, located at a short distance to each other, will produce a strong field. Maximum field is located in a small region where the two nanosphere interact with each other and a small increment in field enhancement is observed on the other faces of nanosphere. For particle size 20 nm, field enhancement factor () is ~ 11 at resonance wavelength 522 nm corresponding to Au homo-dimer nanostructure, figure 5 (a).
Figure 5(b) shows the variation in relative electric field, along the x-axis with interparticle spacing. The enhancement factor shows maxima between the two nanosphere, whereas at the outer surface it is not much higher as in isolated nanosphere where maximum enhancement is observed at the outer surface of nanosphere. With Au as plasmonic material, the enhancement is occurring for wavelengths > 510 nm. This open window of plasmon resonance wavelength does not consider the lower wavelength region where biological molecules shows absorption, therefore, to explore the near-field enhancement toward DUV and UV region we considered the Ag and Al homo-dimer nanostructure. The near field pattern of Ag and Al homo-dimer nanostructure for particle size 20 nm and 40 nm are evaluated over resonance wavelength. Figure 6 compares the size dependent and interparticle spacing dependent enhancment factor for three different materials as Au, Ag and Al. The  ~ 31 with Ag homo-dimer (D-20 nm) at resonance wavelength 378 nm which increases to ~ 90 with particle size as 40 nm. Apart from Ag homo-dimer, Al homo-dimer shows higher enhancement factor with small particle size. The near-field pattern for Al nanospheres forming a homo-dimer configuration shows that  increases to ~ 43 for particle size 20 nm at 172 nm. Such a huge enhancement in UV region makes Al as a material for UV-SERS [15] . It is known that Al shows the number of peaks with increasing particle size which reduces the enhancement factor due to which Al shows opposite behavior as compared to Au and Ag. The  increases from 11 to 47.96 on increasing the particle size of Au homo-dimer to 50 nm, whereas Ag shows much higher  ~ 110. For larger particle size Al nanoparticle shown the contribution of multipole peaks, therefore, the  decreases to 36 as particle size increases to 50 nm. The enhancement can further be increased as particle approaches each other shown in figure 6 (b). The  shows maximum field enhancement ~ 200 in UV-visible region for Ag homo-dimer, whereas Al homo-homo-dimer shows ~ 120 in DUV-UV region with interparticle spacing as 1 nm. The value of the electromagnetic enhancement is proportional to the fourth power of the localized field intensity at the surface of the SERS active surface [16] [17] [18] . It is, therefore, important to theoretically estimate the EM field enhancement for homo dimer nanostructure forming the SERS substrates so that substrates with extremely high enhancement factors can be designed and fabricated. As compared to isolated nanoparticle, the interacting nanoparticle shows large enhancement factor over a wider range of plasmon wavelength which shows their potential to be used as a SERS substrate. An Al nanosphere shows enhancement up to 120 (~10 8 ) for dimer configuration whereas Ag nanosphere shows enhancement upto 200 (~10 9 ) in Deep UV and UV-visible region, respectively. This potential can be used to strongly enhance the Raman scattering of molecules lying in these junctions. The sensitivity of the plasmon resonance wavelength on the surrounding medium dielectric constant is very useful in LSPR based sensing of chemical and biomolecular analytes [19, 20] and it is defined in terms of refractive index sensitivity (RIS) as, RIS = dλ p dn , where, dλ p is the shift in LSPR peak wavelength [21] . Figure 7(a) shows the calculated absorption spectra of Au, Ag and Al nanosphere homo-dimer. The particle size is 20 nm with interparticle spacing as 1 nm. The refractive index of the medium is fixed as 1.33, 1.36, 1.45 and 1.5. A red shift in plasmon wavelength is observed as the refractive index of the medium is increased. The spectra is evaluated for Au, Ag and Al nanosphere homo-dimer by varying interparticle spacing. Figure 7 (b), (c) and (d) shows linearly fitted graph between peak wavelength and refractive index for Au, Ag and Al, respectively.
The fitting parameters x and y of linear equation λ p =y.n+x are given in Table 1 . Figure 8 shows calculated shift of dipole resonance peak wavelength with refractive index of the medium. The regression analysis of λ p yields the refractive index sensitivity (RIS) in unit of nm/RIU. It can be seen that RIS factor increases rapidly as the interparticle separation in the homodimer nanostructure is decreased irrespective of metal.
The Au homo-dimer shows RIS factor of 160.75 nm/RIU which decreases to 118.27 nm/RIU on increasing interparticle spacing from 1 nm to 3 nm. On further increasing the interparticle separation to 10 nm, the homo-dimer start acting as individual nanosphere, therefore, their RIS factor further decreases to 85.48 nm/RIU i.e., start approaching the value of individual Au nanosphere of the same size. The Au homo-dimer with particle size 40 nm also shows a similar behavior. The index sensitivity increases from 77 nm/RIU to 172 nm/RIU as the interparticle separation decreases from 90 nm to 4 nm [22] . As compared to Au, Ag and Al homo-dimer show larger value of RIS factor which is due to the difference in dielectric constant of three metals. Ag shows maxima of 251.07 nm/RIU which decreases to 169.89 nm/RIU with increasing interparticle separation, whereas Al shows maxima of 169.89 nm/RIU which decreases to 142.47 nm/RIU as interparticle separation increases to 10 nm. The rate of decrease in RIS factor is minimum for Al homo-dimer as compared to Au and Ag homo-dimer, figure 8. The medium sensitivity is found to increase nearexponentially with a decrease in the interparticle spacing and the trend shown in figure 8 closely matches the universal scaling decay. The refractive index sensitivity of isolated nanosphere of Au, Ag and Cu calculated over different range of radius (20 nm to 80 nm) shows the sensitivity in the order as Ag>Au>Cu as 237.18>191.01>153.14 nm/RIU [19] . Recently, the UV nanoplasmonics aluminum (Al) nanoconcave has shown the RIS factor of ~ 191 nm/RIU with interpores distance (D c ) of 246.3 nm and ~ 291 nm/RIU with D c of 456.7 nm [15] . Experimentally, fabricated Au nanodots and nanodisks having LSPR in visible region shows the RIS factor of ~ 196 nm/RIU and ~226 nm/RIU. The particle size is 180 nm and ~150 nm [23, 24, 25] . Our calculated result proves that homo-dimer nanostructure shows the higher RIS factor as compared to isolated nanoparticle or non-interacting array in DUV-visible-NIR region. 
Conclusion
The LSPR properties and near field of Au, Ag and Al nanosphere homo-dimer in the DUV-NIR region is studied using FDTD simulations. The plasmon coupling leading to red shift of the plasmon wavelength depends on particle size, interparticle spacing and material. Comparison of the strength of coupling for Au, Ag and Al particles with similar geometry shows the coupling order as Al>Ag>Au. In addition, the highly confined near field enhancement is observed in homo-dimer nanostructure. Intensity enhancements in the junction of up to ~ 10 8 -10 9 have been theoretically predicted in DUV-UV-visible region depending on the material. This property has attracted the homo-dimer nanostructure for many potential applications like SERS. Apart from this, the refractive index sensitivity is also found to be higher in homo-dimer nanostructure. Al nanostructure in DUV region, whereas Au and Ag shows higher sensitivity in larger wavelength region. The sensitivity not only depend on particle size, but also on interparticle spacing. Ag and Al homo-dimers show RIS factor as 323.11 nm/RIU and 250.53 nm/RIU, respectively, which is higher as compared to 224.19 nm/RIU for Au homo-dimer with interparticle spacing of 1 nm. Comparison of different structures and materials for refractive index sensing reveals that dimer configuration is a superior structure than an isolated nanosphere or array of non-interacting particles and Ag or Al is superior material than Au. 
